Abstract Mutations in the PIK3CA gene are common in breast cancer and represent a clinically useful therapeutic target. Several larger, population-based studies have shown a positive prognostic significance associated with these mutations. This study aims to further identify characteristics of patients harboring PIK3CA mutations while evaluating the clinical impact of genomic testing for these mutations. Tumors from 312 patients at Vanderbilt-Ingram Cancer Center were analyzed for PIK3CA mutations using a multiplex screening assay (SNaPshot). Mutation rates, receptor status, histopathologic characteristics, and time to recurrence were assessed. The number of patients participating in clinical trials, specifically trials relating to the PIK3CA mutation, was examined. Statistically significant differences between wild-type and mutated tumors were determined using the Wilcoxon, Pearson, and Fischer exact tests. The PIK3CA mutation was found in 25 % of tumors tested. Patients with PIK3CA mutations were significantly more likely to express hormone receptors, be of lower combined histological grade, and have a reduced time to recurrence. Patients found to have a PIK3CA mutation were significantly more likely to enter a PIK3CA-specific clinical trial. In addition to confirming previously established positive prognostic characteristics of tumors harboring PIK3CA mutations, this study demonstrates the feasibility and utility of mutation profiling in a clinical setting. PIK3CA mutation testing impacted treatment and resulted in more patients entering mutation-specific clinical trials.
occurring at a frequency of 20-40 % [2] [3] [4] [5] [6] [7] [8] [9] . The expression of mutant PIK3CA in human mammary epithelial cells results in constitutive activation of the PI3K/AKT pathway and induces multiple phenotypic alterations, including anchorage-and growth factor-independent proliferation, protection from apoptosis and drug resistance [10] . Greater than 80 % of these mutations occur at two ''hotspots'' in exon 9 and exon 20, which encode the helical (E542K and E545K) and kinase (H1047R) domains, respectively [11] .
Literature regarding the prognostic significance of PIK3CA mutations is conflicting. Specifically, González-Angulo et al. found an association between PIK3CA and poor prognostic features. Li et al. [3] also showed a negative outcome for patients with tumors harboring PIK3CA mutations [12] . In contrast, Maruyama et al. [7] , Perez-Tenorio et al. [13] , and Kalinsky et al. [4] have shown an association between PIK3CA mutations and improved recurrence-free survival. Loi et al. [14] showed increased relapse-free survival, but no overall survival benefit in patients with PIK3CA mutant tumors. Cizkova et al. [5] and Dupont et al. [9] demonstrated a significant improvement in metastasis-free survival in patients with PIK3CA mutant breast cancers.
In addition to conflicting prognostic significance, data surrounding the association of PIK3CA mutations with estrogen/progesterone receptor (ER/PR) expression or human epidermal growth factor receptor 2 (HER2) over expression have also been variable. Several larger, population-based studies show a significant association between PIK3CA mutations and ER/PR positive, HER2 negative tumors [4, 7, 15, 16] . Cizkova et al. [5] showed a statistically significant improvement in metastatic-free survival in PIK3CA mutants that were PR positive or HER2 negative and a trend toward increased survival in ER-positive tumors, compared to ER ? tumors with wild-type PIK3CA. Somewhat counterintuitively, the presence of a PIK3CA mutation has been associated with resistance to antiestrogen therapy and suggests a role for combination therapy with antiestrogens and PI3K inhibitors [17, 18] . In addition, HER2-amplified tumors that also harbor PIK3CA mutations are less responsive to combinations of HER2 inhibitors (trastuzumab/lapatinib and trastuzumab/pertuzumab), adding to the prognostic and therapeutic significance of PIK3CA mutation testing [5, [19] [20] [21] [22] [23] [24] .
Given the high frequency of these mutations and their prognostic implications, an increasing focus has been placed on the development of inhibitors PI3K pathway. Janku et al. [8] showed a favorable response to PI3K/AKT/ mTOR inhibitors in patients with PIK3CA mutant tumors who had failed conventional therapy. Pan-PI3K, p110-isoform-specific and dual PI3K/mTOR inhibitors are currently in various stages of clinical development (phases I-III) and offer promising examples of ways that tumor genomic information can inform cancer care [25, 26] .
Herein, we describe the clinical and pathologic characteristics of breast cancers harboring a PIK3CA mutation detected by mutation profiling the SNaPshot method in an academic practice setting. This assay utilizes multiplex PCR, primer extension with fluorescently tagged dideoxy-nucleotides with capillary electrophoresis for detection, and can be performed rapidly with high sensitivity, requiring only 5-10 % mutant allele frequency and minimal amounts of DNA (5-20 ng) from either fresh-frozen or formalin-fixed paraffin-embedded tissues [27] [28] [29] . Briefly, the breast cancer DNA mutation panel screened using the SNaPshot assay includes 18 different somatic mutations within three genes in the PI3K pathway (PIK3CA, PTEN, AKT1; see Table 1 ). The aim of our study was to characterize the clinico-pathologic profile of our population of breast cancer patients with these alterations in their tumors, while also investigating whether the detection of these mutations would affect patient care. We hypothesized that the detection of PIK3CA mutations would result in a significant increase in the number of patients entering clinical trials, specifically trials of PI3K inhibitors and, as such, impact clinical decision making.
Methods

Patient database
The study population included 312 female patients with breast cancer whose tumor tissue underwent mutation profiling using the SNaPshot assay at the Vanderbilt University Medical Center CLIA certified Molecular Diagnostics Laboratory from July 2011 to January 2013. Table 1 PIK3CA mutations detected by SNaPshot assay. The incidence of each mutation is described as a percent of the total number of tumors harboring a PIK3CA mutation
Mutation
Incidence N (%)
Written consent was obtained from all patients, and the study was approved by the Institutional Review Board. All patient information was kept in a password-protected database and reported in a manner to protect confidential- 
Mutational profiling
Appropriate formalin-fixed paraffin-embedded tumor blocks containing invasive breast carcinoma were selected by an expert breast pathologist (M.E.S). For specimens with [50 % tumor cellularity, three to five 10-lm sections were utilized for testing, while for samples with \50 % tumor cellularity, unstained slides with a corresponding H&E stained slide were submitted with the tumor area circled for macrodissection to permit enrichment for tumor DNA. Specimens with a tumor burden of\10 % were rejected for analysis since this is below the sensitivity of the assay. DNA was eluted using QIAquick spin columns (Qiagen, Valencia CA, USA) following cell lysis and treatment with proteinase K. Tumor DNA (5-20 ng) was screened for 18 mutations in three genes (see Table 1 ) using multiplex base extension with the SNaPshot reaction mixture (Life Technologies, Carlsbad, CA, USA), and detection of mutations achieved utilizing capillary electrophoresis on an ABI Genetic Analyzer 3130XL as depicted in Fig. 1 .
Statistical methods
Potential relationships between PIK3CA mutation status, the domain of the mutation [helical domain (exon 9 HD) versus kinase domain (exon 20, KD)] and the clinical and histopathological parameters outlined above were assessed. Associations were evaluated using the non-parametric Wilcoxon Rank Sum test, Pearson Chi squared test, or Fisher's exact test. Differences between mutated and wild-type tumors were deemed to be statistically significant at confidence levels of greater than 95 % (p \ 0.05). The Kaplan-Meier method for the time to recurrence by PIK3CA mutation and receptor status among patients who have recurrent disease was used, and the differences were compared with log-rank tests. All statistical analyses were performed using R 3.0.2.
Results
Mutational profiling
We assessed 18 mutations in the PI3K pathway in a cohort of 312 primary breast tumors using the SNaPshot assay. The incidence of PIK3CA mutations was 25 % (79 tumors), with a total of 80 mutations detected, including one tumor with two different PIK3CA mutations. The most frequent mutation was H1047R in the kinase domain, consistent with previous reports [4, 5] . AKT1 and PTEN mutations were detected at frequencies of 3 % (nine tumors) and 1 % (two tumors), respectively. Based on limited numbers of AKT1 and PTEN mutant tumors, genotype and phenotype correlations of these patients are not included in this study. Table 1 lists the frequency of each mutation in our cohort.
Patient characteristics
Patient characteristics were compared between tumors having a PIK3CA mutation and those with wild-type PIK3CA ( Table 2 ). The patient population had a median age at diagnosis of 51.8 years (95 % CI 34.1-71.2 years).
Compared to patients with wild-type tumors, those with PIK3CA mutations were significantly older at diagnosis (p = 0.014) and tended to be post-menopausal (p = 0.079). The total population was 86 % Caucasian, with no significant difference in ethnic makeup between the mutated and wild-type cohorts (p = 0.178).
Tumor features
Tumor size and nodal status were not significantly different between tumors with and without PIK3CA mutations, although mutant tumors were numerically more likely to be lymph node negative (p = 0.39). Further, PIK3CA mutant tumors were more likely to be of intermediate versus high combined histological grade in the wild-type cohort (p \ 0.001). In the total study population, 91 % of tumors were of invasive ductal morphology, and there was no significant change in this percentage when comparing mutant vs. wild-type tumors (92 % vs. 93 %, p = 0.74). The majority of tumors in the cohort expressed hormone receptors, with 67 % showing ER positivity and 56 %, PR positivity. PIK3CA-mutated tumors were significantly more likely to express ER and PR compared with wild-type tumors (ER, 84 % vs. 61 %; PR, 71 % vs. 51 %, p \ 0.001). Overall, 17 % of tumors examined were HER2 positive by IHC or FISH. The most common receptor status was ER or PR positive/HER2 negative, making up 54 % of the study population, or 169 tumors. PIK3CA mutations were highly associated with HER2 negativity (20 % vs. 8 %, p = 0.008). In addition, mutated tumors were significantly more likely to be ER or PR positive/HER2 negative and significantly less likely to be triple negative (p \ 0.001). Table 2 summarizes these findings.
Metastatic and recurrent disease
A total of 197 patients (63 %) had metastatic/recurrent disease at the time of this study, reflecting referral patterns for clinical trials in our tertiary center. The patient and tumor characteristics for this cohort are displayed in Table 3 . These patients had a median age at diagnosis of 51.5 years (95 % CI 34.4-71.1 years). Frequency of PIK3CA mutations was 31 % (62 tumors). Mutant PIK3CA cancers were most likely to be of intermediate combined histologic grade, versus high grade (p = 0.01). The majority of the primary tumors were hormone receptor positive, with 70 % expressing ER and 58 % expressing PR. Estrogen receptor positivity was significantly associated with PIK3CA mutations (p = 0.011) but PR expression was not (p = 0.17). The majority of metastatic or recurrent tumors were HER2 negative (73 %), and the most common overall receptor status of the metastases was ER or PR positive/HER2 negative (56 %), as seen with the overall patient population. In contrast to the population as a whole, this subgroup did not show a statistically significant difference in HER2 status between wild-type and mutated tumors (p = 0.18). Mutated tumors were more likely to be ER or PR positive/HER2 negative and less likely to be triple negative (p = 0.081).
Time to recurrence
Excluding patients who had metastatic disease at diagnosis, 48 % of the total patient population developed recurrent disease (151 patients). Time to recurrence data was available for 141 of these patients, with a median time to recurrence of 163 weeks (Interquartile range, 75-337 weeks). Patients with a PIK3CA mutation had a significantly longer median time to recurrence of 220 weeks (95 % CI 152-310 weeks), compared to 145 weeks in wild type (95 % CI 116-190 weeks, p = 0.04) (Fig. 2a) . When tumors were stratified based on receptor status, median time to recurrence was longest for the ER or PR positive/HER2 negative group (median 135 weeks 17 (9) 14 (10) 3 (5) ER-and PR-/ HER2?
11 (6) 9 (7) 2 (3) ER-and PR-/ HER2-33 (17) 27 (20) 6 (10) Other 26 (13) 14 (10) with 95 % CI 86-174 weeks p = 0.01) (Fig. 2b) . In the PIK3CA mutated group, the median time to recurrence was similar across the groups, except for the ER or PR positive/ HER2 positive group, which was much shorter than the other groups (p = 0.01). However, there were only a small number of patients in this group (Fig. 2c) . The wild-type group correlated with the population as a whole, with the longest time to recurrence in the ER or PR-positive/HER2-negative group (p = 0.005). Overall, mutated tumors had a longer time to recurrence compared with wild type across all receptor groups, except the ER or PR positive/HER2 positive group.
These results were not significant, likely due to the small sample size of these groups (Fig. 2 ).
Characteristics associated with helical and kinase domain mutations
Previous research has noted different biological behaviors between PIK3CA-mutated tumors containing a helical domain (HD) mutation and those containing a kinase domain (KD) mutation [32] . Therefore, it is possible that these mutations have differences that affect clinical behavior. In our study, we found no significant difference in patient characteristics in those with HD versus KD mutations, including age at diagnosis, menopausal status, histological grade, or nodal status (Table 4) . Helical domain-mutated tumors were less likely to express PR (61 % vs. 83 %, p = 0.04), but there was no difference in ER or HER2 expression between the two mutations. The overall receptor status was more likely to be ER or PR positive/HER2 negative in KD-mutated tumors, compared with HD-mutated tumors (p = 0.008). Interestingly, HD mutant tumors were significantly more likely to recur compared to KD-mutated tumors (89 % vs. 63 %, p = 0.007) ( Table 4) .
Clinical trial enrollment
Because of the high number of trials with PI3K inhibitors at our center and elsewhere, we asked whether the detection of PIK3CA mutations in a clinical care setting led to a clinical decision and whether these patients were more likely to enter trials of PI3K inhibitors. In the total population, 82 patients (26 %) enrolled in a clinical trial. Of these, 50 % entered a study of a PI3K inhibitor. Patients with PI3K mutant breast cancer were more likely to enter a trial of a PI3K inhibitor than those with wild-type tumors (29 %, vs. 7 %, p = \ 0.001) ( Table 2 ). This was consistent when studying only the group of patients with recurrent or metastatic PI3K mutant cancer (37 % vs. 13 %, p = \ 0.001) ( Table 3 ). As evidence of the impact of the knowledge of PIK3CA status on decisions regarding treatment, we present here two examples of patients whose treatment was changed due to mutation status. The first patient was a 65-year-old female with a history of a stage 3 invasive mammary carcinoma in 2011. The tumor was ER positive, PR positive, and HER2 negative. She received neoadjuvant chemotherapy with dose dense doxorubicin and cyclophosphamide followed by paclitaxel and then underwent a modified radical mastectomy. She began adjuvant anastrazole, and one year later, she developed back pain and was found to have metastatic disease to her bones. She began treatment with fulvestrant, which she continued for one year, until she was found to have multiple new metastases in her liver. Her oncologist recommended cytotoxic chemotherapy. She was seen at VICC and her tumor was submitted for mutation profiling by the SNaPshot assay. She was found to have a PIK3CA mutation at H1047R, a hotspot in the kinase domain. Despite a four-hour commute to VICC, she initiated a clinical trial of an alpha-specific PI3K inhibitor plus letrozole. Her decision to enroll was based on the fact that she would be able to avoid cytotoxic chemotherapy at the present time, that she would be able to take oral medications, and that she would be able to target a mutation in her tumor. At the time of publication, she has received ten months of therapy and is tolerating it well, with a marked decrease in the size of her tumor burden.
The second patient is a 42-year-old female who presented with a Stage 4 invasive mammary carcinoma that was ER/PR positive, and HER2 positive. Her staging PET scan at baseline revealed metastatic lesions in the manubrium and iliac wings. She was initiated on docetaxel, carboplatin, and trastuzumab with monthly denosumab, and due to side effects from treatment, switched to weekly paclitaxel and herceptin. Eight months later, she developed progression of her previously noted metastatic lesions and became interested in pursuing clinical trials. Her original tumor tissue was sent for mutation profiling with SNaPshot and showed a mutation at E542K in the helical domain of PIK3. Based on this information and despite the fact that she had previously received paclitaxel/trastuzumab, she decided to enter a clinical trial of paclitaxel, trastuzumab, and a PI3K inhibitor. Radiologic studies showed a partial response and then stable disease for 14 months, at which point she developed minimal progression in her bone disease. She has, therefore, recently switched therapy to adotrastuzumab emtansine (Kadcyla).
Discussion
This study demonstrates the utility of tumor mutation profiling to inform and potentially enhance patient and physician decision making regarding clinical care. Previous data have been conflicting regarding the characteristics and behavior of PIK3CA-mutated tumors. This study detected hot spot PIK3CA mutations in 25 % of tumors tested. It is likely that these percentages underrepresent the total number of mutations, as less common mutations in PIK3CA are not detected by this assay. Interestingly, 14 % of the mutations detected in this study would be considered outside of the commonly reported hot spots in the literature. Further, this assay has a sensitivity of 5-10 %, making it more sensitive than previously described methods using Sanger dideoxy sequencing which have a detection level of 20-25 %. To our knowledge, this represents the first application of this method for an expanded PIK3CA panel exclusively for breast cancer in a clinical care setting [27, [33] [34] [35] .
Conflicting data have been published regarding the prognostic significance, hormone receptor association, and treatment implications of PIK3CA mutations. Consistent with the majority of prior publications, our study found a significant association between PIK3CA mutations and estrogen receptor positivity and HER2 negativity. In addition, we found a positive association between PIK3CA mutations and time to recurrent disease. This may be partially explained by the association between PIK3CA mutations and ER expression, given the natural history of these tumors [36, 37] . There was no statistically significant difference in time to recurrence in the PIK3CA-mutated group when stratified by receptor status. Overall, the ER or PR-positive/HER2-negative group had the longest time to recurrence, consistent the established prognostic implications of hormone receptor status. The recurrence-free survival time for this receptor group was longest in the PIK3CA-mutated group at 158 weeks, compared with 129 weeks in the wild-type group and 135 weeks in the overall population; however, these differences were not statistically significant.
Previous studies have shown improved outcomes for KD mutations over HD mutations. Our study found patients with KD-mutated tumors were less likely to develop recurrence and more likely to be associated with hormone receptor positivity than those with HD mutations; however, we found a shorter time to recurrence for patients with KD mutations. This is likely due to the small sample size of KD or HD mutants who developed recurrent disease in our study.
PIK3CA mutations occur frequently in breast cancer. These mutations are associated with good prognostic factors, including lower grade, hormone receptor positivity, and increased time to recurrent disease. Because of their frequency and availability of PI3K pathway inhibitors, we anticipate assays measuring these mutations will be common practice in the near future, particularly once PI3K-targeted drugs are FDA approved. Objective and robust assays, including the SNaPshot assay, offer a quick, sensitive, and informative way to assess for these mutations for substantially lesser cost than next-generation sequencing assays. While previous publications have established links between PIK3CA mutations, ER positivity, and improved time to recurrent disease, none have evaluated the impact that this knowledge has made on patient and physician joint decision-making regarding treatment. The patients in early stage were tested because they agreed to donate tumor tissue to research. The patients with metastatic disease were tested because, in conjunction with their physicians, they wanted to better understand characteristics of their tumors in order to guide further, tumor-specific treatment. Our research shows that the objective knowledge of a PIK3CA mutation in the metastatic setting impacts clinical decision making and results in increased enrollment in specific PI3K inhibitor trials.
